ABSTRACT CALTRIDER, P. G. (Eli Lilly and Co., Indianapolis, Ind.), AND H. F. Niss. Role of methionine in cephalosporin synthesis. Appl. Microbiol. 14:746-753. 1966.-Methionine has an almost unique stimulatory effect on biosynthesis of cephalosporins (by Cephalosporium acremonium). No other sulfur-containing compound tested, except DL-methionine-DL-sulfoxide, replaced methionine. DL-Methionine stimulated the synthesis of cephalosporins when added after the growth phase. The utilization of inorganic sulfate was repressed by methionine. Experiments with L-methionine-S35 showed that essentially all the sulfur in the cephalosporins was derived from methionine. Sulfur-labeled compounds found in the soluble pool from cells grown with methionine-S35 were methionine, homocysteine, taurine, cystathionine, cysteic acid, glutathionine, and cysteine. DL-Serine-3-CI4 was incorporated into the antibiotics, and its utilization was stimulated by methionine. L-Cysteine had a sparing effect on the incorporation of methionine-S35 and serine-C14 into the antibiotics. The data are consistent with the hypothesis that a cystathionine-mediated pathway is operative in the transfer of sulfur between methionine and cysteine.
Methionine markedly stimulates the synthesis of cephalosporin C and penicillin N by Cephalosporium acremonium (8, 13, 17) . D-Methionine was more active than L-methionine. Inorganic sulfur compounds and organic compounds, including those related to methionine, were either less effective than methionine or inactive (8) . Only DL-methionine-DL-sulfoxide and Smethyl-L-cysteine showed significant methioninereplacing activity. DL-Norleucine, a nonsulfur methionine antagonist, replaced methionine in a synthetic medium (9) . Schemes proposed for the biosynthesis of cephalosporin C and penicillin N suggest an indirect role for methionine. LCysteine, a precursor of penicillin, is also a precursor of the cephalosporin C nucleus (23) . The studies reported herein were undertaken to elucidate further the role of methionine in the synthesis of cephalosporins. Evidence will be presented to show that methionine plays a direct role by supplying sulfur for the formation of cephalosporins.
MATERIALS AND METHODS
Organism and culture conditions. A mutant strain (CW-19) of C. acremonium (C.M.I. 49,137, mutant 8650), obtained from the National Research and Development Corp., London, England, was used throughout this investigation, except in one experiment. Suspensions of lyophilized material were used to inoculate slants of a modified LePage and Campbell medium (16) , which was prepared at one-tenth of the original strength except for the addition of agar at 2% and calcium chloride at 1% concentrations. Tubes, 1 inch (2.54 cm) in diameter, containing approximately 20 ml of medium were inoculated and incubated at 25 C for 10 days and then were stored at 4 C.
Growth from a 1-inch slant was suspended in 10 ml of nutrient broth and was used to inoculate a seed medium. The seed medium contained 1.5% nutrisoy flour 200D (Archer-Daniels-Midland Co., Minneapolis, Minn.), 0.1% ammonium sulfate, 0.3% calcium carbonate, 2.0% corn meal, 2.0% methyl oleate, and deionized water. The seed was propagated in 2-liter Erlenmeyer flasks containing 800 ml of medium for 72 hr at 28 C on a rotary shaker at 250 rev/min.
The medium used for cephalosporin production contained 3% beet molasses, 3% Viti-Pro 90, a meat protein (Rath Chemicals, Waterloo, Iowa), 0.5% corn steep liquor, 0.15% calcium carbonate, 0.5% DLmethionine, 2.0% methyl oleate, and deionized water. The pH was adjusted to 6.8 and then the medium was sterilized for 20 min at 120 C. Wide-mouth Erlenmeyer fermentor flasks (500-ml capacity) contained 60 ml of medium and 8% inoculum. Fermentations were at 28 C for approximately 96 hr on a rotary shaker at 250 rev/min. Antibiotic synthesis was complete after this period.
Antibiotic assay. The total concentration of F3-lactam-containing compounds (cephalosporin C, desacetyl cephalosporin C, and penicillin N) was deter-746 on November 2, 2017 by guest http://aem.asm.org/ Downloaded from mined chemically by the hydroxylamine assay of Boxer and Everett (4) with cephalosporin C as a standard. Cephalosporin C activity (which included the desacetyl derivative) was determined after penicillin N was destroyed by treatment with penicillinase (Riker Laboratories, Northridge, Calif.). Throughout these studies, any reference to cephalosporin C includes the desacetyl derivative. Penicillin N was calculated as the difference between untreated and penicillinase-treated samples.
Radioactive tracers. L-Methionine-S35 (Schwartz BioResearch, Inc., Orangeburg, N.Y.) and DL-serine-3-C14 (Volk Radiochemical Co., Chicago, Ill.) were used for studies on the incorporation of methionine sulfur in cephalosporins. The methionine used in the radioisotope experiments was sterilized separately and was added at the time of inoculation. Radioactive cephalosporin C, desacetyl cephalosporin C, and penicillin N in the fermentor broth were separated by paper chromatography. A 50-,liter amount of broth diluted 1:5 was applied to acetate-buffered (pH 4 propanol-water (6:2:1), n-butanol-acetic acid-water (3:1:1), and phenol saturated with water. After removal of solvent by drying in air, the chromatograms were cut in strips and the radioactivity was detected as before. Identification of the S35-labeled compounds was made by co-chromatography with known standards.
Sulfate and methionine analysis. Inorganic sulfate in filtered broths was determined by precipitation with benzidine from a trichloroacetic acid supernatant fluid according to Raistrick and Vincent (18) . The benzidine sulfate precipitate was dissolved with dilute hydrochloric acid, and the sulfate was determined turbidimetrically by use of the barium chloride-Tween 80 reagent of Garrido (12) . Methionine was determined according to the method of LaRue (15) . RESULTS Methionine replacement. Stimulation of cephalosporin synthesis by methionine is illustrated in Fig. 1 . At all levels tested, D-methionine was equivalent to DL-methionine, and neither produced more than 10% better results than Lmethionine. Similar results were obtained in these experiments with methionine from two suppliers (Nutritional Biochemicals, Corp., Cleveland, Ohio, and Mann Research Laboratories, Inc., New York, N. Y.).
Of the sulfur-containing compounds tested, DL-methionine-DL-sulfoxide and DL-methionine-DL-sulfone gave, respectively, 90 and 67 % of the yields obtained in controls supplied with DLmethionine ( Table 1 ). All the other sulfur-containing compounds were substantially less effective. S-Methyl-L-cysteine, L-cysteine, taurine, or DL-homocysteine, L-cysteic acid, DL-allo-cysta- thionine, and sodium sulfate were 22 to 37% as effective as DL-methionine. DL-Norleucine (a methionine antagonist) and DL-norvaline were not stimulatory. Sulfur requirement for antibiotic synthesis. The total sulfur present in the basal medium is sufficient for growth but deficient with respect to antibiotic synthesis. Data in Table 1 show that, when excess sulfur was supplied to the basal medium, none of the sulfur-containing compounds was equal to methionine in stimulating cephalosporin synthesis. To demonstrate further the unique role of methionine in antibiotic synthesis, the effect of methionine was studied in a medium with excess sulfate. The results of this experiment are shown in Table 2 . The basal medium with sulfate had 40% of the potency of the control, and the addition of sulfate to the methionine-containing control medium resulted in potencies which were equal to the control potencies.
The utilization of inorganic sulfate and methionine, when added singly or in combination, is shown in Fig. 2 . Sulfate was utilized to a significant extent in the absence of exogenous methionine. However, no sulfate was utilized in the control medium with methionine, and it did not reduce the rate of methionine utilization.
Time requirement of methionine. DL-Methionine was added at different intervals during the fermentation to determine whether its presence during the growth phase was important to stimulation of subsequent synthesis of antibiotics. Figure 3 shows that a stimulation in cephalosporin synthesis occurred This increased only slightly if larger quantities of methionine (0.5 to 0.6%) were added to the medium. Even though only a small percentage of the added methionine was incorporated into the cephalosporins, the molar dilutions of the specific radioactivity in the antibiotics showed that virtually all the sulfur was derived from methionine.
The incorporation of cysteine into the f3-lactam ring of cephalosporin C and penicillins has been demonstrated (23) . In our experiments, the addition of L-cysteine reduced the incorporation of methionine-S35 into cephalosporins, with a concomitant increase in molar dilution of radioactivity (Table 4) . Cysteine also had a sparing action on methionine utilization, as shown by the increase in residual methionine from 14% in the control to 18% where cysteine was added. Inorganic sulfate had no sparing action on the incorporation of methionine-S35 into the antibiotics. The amount of cephalosporins produced was not affected by the addition of cysteine or sulfate.
Most of the radioactivity in filtrates from 96-hr fermentor flasks, as detected by paper chroma- Incorporation of DL-serine-3-C14 into cephalosporins. The marked stimulation of cephalosporin syntheses by methionine, and the sparing effect of cysteine on the incorporation of methionine-S35, may imply a trans-sulfuration of methionine sulfur to form cysteine by a cystathionine pathway. Incorporation of serine-C'4 into cephalosporins in the same order of magnitude as methionine sulfur would provide further evidence that methionine is metabolized by this pathway. Table 5 shows data for the incorporation of DL-serine-3-C'4 into cephalosporins. The addition of methionine influenced the metabolism and incorporation of serine into cephalosporins. Without added methionine, 3.55% of the serine-C14 was incorporated into cephalosporins with a dilution of molar radioactivity of 1.49. When methionine was added, however, the percentage of incorporation nearly doubled, and the dilution of molar radioactivity increased. Residual serine-C"4 was detected in broths from cultures not supplemented with methionine, but it was not detected in broths from methionine-supplemented cultures. Fermentations harvested at 41 hr had the same percentage of incorporation of serine-C"4 into cephalosporins as 96-hr fermentations, but the dilution of molar radioactivity was 1.4 rather than 5.3. These data suggest that, with abundant methionine, serine-C"4 was metabolized rapidly and was exhausted early in the fermentation. Consequently, unlabeled cephalosporins synthesized after approximately 40 hr diluted the specific radioactivity of cephalosporins. Further evidence for this was the significant reduction in dilution of molar radioactivity with increased levels of exogenous serine. The addition of L-cysteine to compete with labeled serine increased the dilution of molar radioactivity of C14 in cephalosporins. These results support the hypothesis that methionine sulfur is used to form cysteine, which is subsequently incorporated into cephalosporins.
DIscussIoN
Previously suggested biosynthetic schemes for these antibiotics do not include methionine as a direct precursor. Methionine was thought to function by repressing the formation of an enzyme that degrades cysteine to pyruvate, thus giving an increased level of cysteine in the cells (8, 9) . The bases for this concept were: (i) the ability of norleucine (a methionine antagonist) to replace methionine, (ii) the failure of intermediates of methionine metabolism and other sulfur-containing compounds to replace methionine, and (iii) the requirement for methionine during the growth phase.
The L-Cysteine is a known precursor of cephalosporin C (23) . Apparently, in Cephalosporium, methionine sulfur is used in the synthesis of cysteine, because sulfur-labeled cysteine and compounds derived from it, such as cysteic acid, taurine, and glutathione were found in the soluble pool of the mycelium. In addition, cysteine, but not inorganic sulfate, gave a sparing effect on the utilization of methionine-S35 and reduced its incorporation into cephalosporins. Methionine-l-C14 is incorporated into these antibiotics in trace amounts (1) . Furthermore, previous investigations in our laboratories showed that virtually no methyl carbon or carbon 2-labeled methionine was incorporated (unpublished data).
The cystathionine pathway provides a known mechanism for the incorporation of methionine sulfur into cysteine. If this pathway is operative the molar dilution of radioactivity for serine-C14 and methionine-S35 would be equivalent. Not only was such an equivalence found, but the utilization of serine was methionine-dependent. Furthermore (17) . The scheme presented in Fig. 4 proposes a direct role for methionine metabolism in cephalosporin and penicillin N biosynthesis. This scheme is consistent with our data and with those data reported concerning trans-sulfuration in fungi (14) and cephalosporin biosynthesis (1, 6, 7) . In bacteria, methionine and some of its analogues (norleucine) repress the enzymes responsible for methionine synthesis (10, 20; Rowbury and Woods, Biochem. J. 79:36P, 1961). There is good evidence, however, that the formation of cysteine from methionine is not an irreversible process in fungi (5, 11, 14) .
Although the effectiveness of methionine in the stimulation of cephalosporins and penicillin N synthesis is well documented, it is unclear why sulfate, cysteine, or intermediates of methionine metabolism will not replace methionine. One plausible explanation for the ineffectiveness of cysteine is that it is oxidized rapidly and is thus unavailable to the cells. Permeability is always a potential limiting factor.
Only a small amount of the methionine required for optimal synthesis was incorporated into cephalosporin and penicillin N ( Table 4) and approximately 14% of the added methionine remained after net synthesis stopped. High levels of methionine may be required to maintain intracellular levels of cysteine which are optimal for antibiotic synthesis. Alternatively, besides serving as a sulfur source, methionine may cause metabolic changes in the cell conducive to cephalosporin synthesis. Stimulation of high levels of amino acid oxidase by D-methionine and transaminase by L-methionine has been reported in Trigonopsis (22) . Active transamination would be required for the synthesis of high levels of cysteine, valine, and aminoadipic acid. Clark 
